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ABSTRACT
Neutrino oscillations, especially to light sterile states, can affect the nucleosynthesis yields because of their
possible feedback effect on the electron fraction (Ye). For the first time, we perform nucleosynthesis calcu-
lations for neutrino-driven wind trajectories from the neutrino-cooling phase of an 8.8 M⊙ electron-capture
supernova, whose hydrodynamic evolution was computed in spherical symmetry with sophisticated neutrino
transport and whose Ye evolution was post-processed by including neutrino oscillations both between active and
active-sterile flavors. We also take into account the α-effect as well as weak magnetism and recoil corrections in
the neutrino absorption and emission processes. We observe effects on the Ye evolution which depend in a sub-
tle way on the relative radial positions of the sterile MSW resonances, of collective flavor transformations, and
on the formation of α particles. For the adopted supernova progenitor, we find that neutrino oscillations, also
to a sterile state with eV-mass, do not significantly affect the element formation and in particular cannot make
the post-explosion wind outflow neutron rich enough to activate a strong r-process. Our conclusions become
even more robust when, in order to mimic equation-of-state dependent corrections due to nucleon potential
effects in the dense-medium neutrino opacities, six cases with reduced Ye in the wind are considered. In these
cases, despite the conversion of active neutrinos to sterile neutrinos, Ye increases or is not significantly lowered
compared to the values obtained without oscillations and active flavor transformations. This is a consequence
of a complicated interplay between sterile-neutrino production, neutrino-neutrino interactions, and α-effect.
Subject headings: supernovae: general — nucleosynthesis: general — neutrinos: general
1. INTRODUCTION
Stars with mass larger than ∼8 M⊙ end their life as core-
collapse supernovae (CCSNe, e.g., Woosley et al. 2002). In
particular, those with initial mass between ∼8 and ∼10 M⊙
form an electron-degenerate core composed of oxygen, neon,
and magnesium (O-Ne-Mg) and end their life either as O-Ne-
Mg white dwarfs or as “electron-capture supernovae” (EC-
SNe, Nomoto 1987), when electrons are captured on Ne and
Mg triggering the collapse of the stellar core. Since ECSNe
represent up to 30% of all CCSNe (Ishimaru & Wanajo 1999;
Poelarends et al. 2008; Wanajo et al. 2011b), they could sig-
nificantly contribute to the Galactic chemical enrichment with
heavy elements (Ishimaru & Wanajo 1999).
Electron-capture supernovae were suggested as candidate
sites for the r-process (rapid neutron-capture) element produc-
tion (Hillebrandt et al. 1984; Wanajo et al. 2003; Ning et al.
2007). For comprehensive reviews on the r-process,
see Wanajo & Ishimaru (2006), Arnould et al. (2007) and
Thielemann et al. (2011). However, recent nucleosynthe-
sis studies (Hoffman et al. 2008; Wanajo et al. 2009), based
on self-consistent hydrodynamic simulations of the explo-
sion (Kitaura et al. 2006; Janka et al. 2008), do not support
the production of elements with mass number heavier than
A ∼ 110 in the early ejecta of ECSNe, but suggest inter-
esting production of light trans-iron elements from Zn to Zr
(Wanajo et al. 2011b), of 48Ca (Wanajo et al. 2013a) and of
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60Fe (Wanajo et al. 2013b). Two-dimensional hydrodynamic
simulations do not provide conditions for a strong r-process.
However, a weak r-process cannot be excluded, if the ejecta
were slightly more neutron-rich than obtained in the models.
After the launch of the SN explosion, the proto-neutron star
(PNS) cools because of the neutrino emission. Due to cap-
ture reactions and scattering events, neutrinos deposit en-
ergy in the outer layers of the PNS, giving birth to an out-
flow mainly composed of free neutrons and protons, the so-
called neutrino-driven (ν-driven) wind – see Janka (2012)
and Arcones & Thielemann (2013) for recent reviews on the
topic. While expanding away from the neutron star, the
ν-driven wind matter cools and nucleons recombine, pro-
ducing alpha particles and some fraction of heavy nuclei.
The ν-driven wind has long been considered as a promising
site of the r-process (Meyer et al. 1992; Woosley et al. 1994;
Takahashi et al. 1994; Qian & Woosley 1996; Otsuki et al.
2000; Wanajo et al. 2001; Thompson et al. 2001). However,
the outcome of the ν-driven wind nucleosynthesis is strongly
sensitive to the electron fraction Ye (number of protons per nu-
cleon), the entropy and the expansion timescale. Recent long-
time hydrodynamic SN simulations with elaborate neutrino
transport (Fischer et al. 2010; Hu¨depohl et al. 2010) show, be-
sides insufficient entropy, a trend towards proton-rich ν-driven
winds, rather than neutron-rich ones as it would be required
for an r-process to occur. Such proton-rich conditions might
be suitable for the νp-process making some light p-nuclei
(Fro¨hlich et al. 2006a,b; Pruet et al. 2006; Wanajo 2006).
More recently, however, it has been pointed out that the
mean-field shift of nucleon potential energies (Reddy et al.
1998) significantly alters the charged-current neutrino opac-
ity in the neutrinospheric layer and reduces Ye from ini-
tially proton-rich values down to possibly ∼0.42–0.45 for
some temporary phase of the wind evolution (Roberts 2012;
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Martı´nez-Pinedo et al. 2012; Roberts et al. 2012). This ef-
fect was not adequately included in previous simulations, and
it becomes important only when the neutrinosphere reaches
high densities (postbounce time tpb > a few 100 ms). At very
late times, however, high neutrinospheric densities suppress
νe absorption on neutrons by final-state Pauli blocking of elec-
trons (Fischer et al. 2012), νe escape with harder spectra, and
Ye in the wind increases again. The matter at early and prob-
ably late times is thus still expected to be proton-rich.
One has to wonder whether favorable conditions for the r-
process could still occur in supernovae. Since Ye depends on
the competition between the capture rates of νe and ν¯e on free
nucleons and their inverse reactions (Fuller & Meyer 1995),
a modification of the predicted neutrino energy spectra, for
example due to nucleon-potential effects, could affect Ye in
the neutrino-driven outflows. Moreover, neutrino flavor os-
cillations could modify the wind-Ye, if they significantly alter
the νe and ν¯e fluxes before Ye reaches its asymptotic value.
Therefore, the inclusion of flavor oscillations may be crucial
for determining the nuclear production in the ν-driven wind
matter and to clarify whether ECSNe could still be consid-
ered as candidate sites for the r-process.
The nucleosynthesis yields (and the r-process) in super-
novae might be affected by the existence of light sterile neutri-
nos, hypothetical gauge-singlet fermions that could mix with
one or more of the active states and thus show up in active-
sterile flavor oscillations (see Abazajian et al. 2012; Palazzo
2013 for recent reviews on the topic). In particular, eV-
mass sterile neutrinos with large mixing imply that the νe flux
would undergo Mikheyev-Smirnov-Wolfenstein (MSW) con-
versions (Mikheyev & Smirnov 1985; Wolfenstein 1978) to
νs closer to the SN core than any other oscillation effect. We
assume that the sterile state is heavier than the active ones be-
cause of cosmological neutrino mass limits (Abazajian et al.
2012). The idea that removing the νe flux by active-sterile
oscillations could favor a neutron-rich outflow environment
was proposed some time ago (Beun et al. 2006; Kera¨nen et al.
2007; Fetter et al. 2003; Fetter 2000; McLaughlin et al. 1999;
Hidaka & Fuller 2007; Nunokawa et al. 1997). However, the
considered mass differences were larger and the possible im-
pact of ν-ν interactions in the active sector (Duan et al. 2010)
was not taken into account.
Recently, low-mass sterile neutrinos have been in-
voked to explain the excess ν¯e events in the LSND
experiment (Aguilar et al. 2001; Strumia 2002;
Gonzalez-Garcia & Maltoni 2008) as well as the MiniBooNE
excess (Aguilar-Arevalo et al. 2009a,b; Karagiorgi et al.
2009; MiniBooNE Collaboration et al. 2012). Moreover
an indication for the possible existence of eV-mass ster-
ile neutrinos comes from a new analysis of reactor ν¯e
spectra and short-baseline experiments (Kopp et al. 2011;
Giunti & Laveder 2011a,b; Giunti et al. 2012; Donini et al.
2012; Giunti et al. 2013; Kopp et al. 2013). The cosmic
microwave background anisotropies (Reid et al. 2010;
Hamann et al. 2010; Hou et al. 2013; Hinshaw et al. 2013;
Planck Collaboration et al. 2013; Archidiacono et al. 2013)
point towards a cosmic excess radiation compatible with one
family of fully thermalized sub-eV sterile neutrinos or one or
even two partially thermalized sterile neutrino families with
sub-eV/eV mass (Archidiacono et al. 2013; Giusarma et al.
2014; Archidiacono et al. 2014).
Such intense activity triggered new interest in the role
of neutrino oscillations with and without sterile neu-
trinos, and including ν-ν interactions, on nucleosynthe-
sis processes like the r-process and the νp-process in
SN outflows (Tamborra et al. 2012b; Duan et al. 2011a;
Martı´nez-Pinedo et al. 2011; Wu et al. 2015).
The role of active-sterile neutrino mixing for the ν-driven
explosion mechanism and the nucleosynthesis in the early
(t ≤ 100 ms postbounce) ejecta of ECSNe was discussed
by Wu et al. (2014). The authors found that active-sterile
conversions can not only suppress neutrino heating consid-
erably but also potentially enhance the neutron-richness of
the ejecta allowing for the production of the elements from
Sr, Y and Zr up to Cd. The conclusiveness of these results
is unclear, however, because, besides approximate modeling
of neutrino oscillations, only spherically symmetric models
were considered, although multi-dimensional effects had been
shown to be important during the onset of the explosion (cf.
Wanajo et al. 2011b). In contrast to spherical models, multi-
dimensional ones provide sufficient neutron excess to yield
interesting amounts of elements between the Fe-group and
N = 50 nuclei even without involving sterile neutrino effects
(Wanajo et al. 2011b).
In this work, we explore the impact of neutrino flavor os-
cillations (with and without the inclusion of an extra eV-
mass sterile neutrino) on the Ye evolution of the ν-driven
wind and on the corresponding nucleosynthesis yields of an
ECSN, whose evolution can be well described in spherical
symmetry and has been followed beyond the explosion con-
tinuously into the subsequent proto-neutron star cooling phase
(Hu¨depohl et al. 2010). The simulation of Hu¨depohl et al.
(2010) did not include the aforementioned nucleon mean-
field effects in the charged-current neutrino-nucleon reactions
and resulted in the ejection of proton-rich matter throughout
the wind phase. We still use this model to examine neu-
trino oscillation effects in the neutrino-driven wind, because
the wind dynamics and thermodynamics conditions are only
marginally changed despite the impact of the nucleon po-
tentials on the electron fraction (e.g., Martı´nez-Pinedo et al.
2012).
Our paper is structured in the following way. In Sect. 2,
we describe the ν-driven wind trajectories adopted for the nu-
cleosynthesis calculations, as well as our reaction network.
In Sect. 3, the electron fraction evolution and the nucleosyn-
thesis results are presented when no neutrino oscillations oc-
cur as fiducial case. After introducing the neutrino mass-
mixing parameters in Sect. 4, we briefly discuss the oscilla-
tion physics involved in the nucleosynthesis calculations in
Sect. 5. Our results for Ye and how it is affected by neutrino
oscillations (with and without sterile neutrinos) including the
corresponding nucleosynthesis are presented in Sect. 6. In
Sect. 7, we introduce six toy model cases for the νe and ν¯e en-
ergy spectra in order to explore the possible consequences of
nuclear mean-field effects in the neutrino opacities. In Sect. 8,
we discuss our results and compare with other works. We
present our conclusions and perspectives in Sect. 9. In an Ap-
pendix, we give more details about the feedback of neutrino
self-interactions on Ye.
2. NEUTRINO-DRIVEN WIND AND REACTION NETWORK
We use one-dimensional (1D) long-time simulations of
a representative 8.8 M⊙ progenitor (Hu¨depohl et al. 2010),
performed with the equation of state of Shen et al. (1998).
For the present study we adopt the Model Sf 21
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(see Hu¨depohl et al. 2010 for further details5). In the cho-
sen model, the accretion phase ends already at a postbounce
time of tpb ∼ 0.2 s when neutrino heating drives the expansion
of the postshock layers and powers the explosion. The subse-
quent deleptonization and cooling of the PNS were followed
for ∼ 10 s.
In order to perform the network calculations for the nu-
cleosynthesis in the neutrino-driven wind, we use 98 ejecta
trajectories. Figure 1 shows the time evolution of the dis-
tance r from the center of the PNS (top panel), temperature
T (middle panel), and matter density ρ (bottom panel) for
these mass-shell trajectories as functions of tpb. The outflow
evolution of 7 of the 98 trajectories, corresponding to ini-
tial times t0 = 0.5, 1, 2, 2.9, 4.5, 6.5, 7.5 s (t0 being measured
when the temperature T0 = 9 GK), is highlighted with dif-
ferent colors. We adopt these seven trajectories as represen-
tative of the cooling evolution of the PNS to discuss the im-
pact of neutrino oscillations (with and without an additional
light sterile neutrino) on the nucleosynthesis in the ν-driven
wind. The total ejecta mass of the 98 mass-shell trajectories
is M98 = 1.1 × 10−2M⊙.
In the network, 6300 species are included between the
proton-drip line and neutron-drip line, up to the Z = 110 iso-
topes (see Wanajo et al. 2009, for more details). All the im-
portant reactions such as νe(n, p)e−, ν¯e(p, n)e+, (n, γ), (p, γ),
(α, γ), (p, n), (α, n), (α, p), and their inverse ones are taken
into account. The νe and ν¯e capture rates on free neutrons and
protons are calculated as in Horowitz & Li (1999) and thus in-
clude recoil and weak magnetism corrections. The neutrino-
induced reactions on heavy nuclei are not included since they
have negligible effects (Meyer et al. 1998). The nucleosyn-
thesis calculations start when the mass-shell temperature de-
creases to 9 GK, with an initial composition of free neutrons
and protons with number fractions of 1 − Ye and Ye, respec-
tively.
3. ELECTRON FRACTION EVOLUTION
The matter in a fluid element moving away from the PNS
will experience three stages of nuclear evolution. Near the
surface of the PNS, the temperature is so high that the matter
is in nuclear statistical equilibrium (NSE) and nearly all of
the baryons are in the form of free nucleons. As the material
flows away from the PNS, it cools. When the temperature is
T < 1 MeV, α particles begin to assemble to form heavier
nuclei by ααn, 3α reactions, and subsequent captures of α
particles and free nucleons.
Together with the entropy and the expansion time, a basic
quantity defining the conditions for element formation (and
eventually the r-process) is the excess of initially free n or p
expressed by the electron fraction Ye. It is locally defined as
the ratio of the net electron (electrons minus positrons) num-
ber density, Ne, to the sum of proton number density Np and
neutron number density Nn:
Ye(r) = Ne(r)Np(r) + Nn(r) = Xp(r) +
Xα(r)
2
+
∑
ZA>2
ZA(r)
A(r) XA(r) ,
(1)
where Xp, Xα, and XA are the mass fractions of free pro-
tons (p), α particles, and heavy elements (ZA > 2) as func-
tions of the radius. The charge and the mass numbers of
5 Model Sf 21 is analog to model Sf of Hu¨depohl et al. (2010) but was
computed with 21 energy bins for the neutrino transport instead of the usual
17 energy groups.
the heavy nuclear species are ZA and A, respectively. In all
neutral media, Ye = Yp and Yn = 1 − Ye, with Y j being the
number density of free or bound particle species j relative to
baryons. The lower Ye is, the more the environment is neu-
tron rich, and thus the more favorable it is for the r-process
to occur (e.g., Hoffman et al. 1997). On the other hand, Ye >
0.5 implies that p-rich nuclei could be formed through the
νp−process (Fro¨hlich et al. 2006a; Pruet et al. 2006; Wanajo
2006).
Having in mind the overall evolution of abundances with
radius and time and assuming that the reactions of neutrinos
on nuclei are negligible, the n/p ratio in the wind ejecta is set
by β-interactions of electron neutrinos (νe) and electron an-
tineutrinos (ν¯e) with free n and p and their inverse reactions:
νe + n⇋ p + e− , (2)
ν¯e + p⇋ n + e+. (3)
Therefore the Ye evolution depends on the energy distribu-
tions of νe and ν¯e. Modifications of the neutrino emission
properties, such as the energy spectra, due to flavor oscilla-
tions could significantly change the n/p ratio and thus Ye in
the wind.
Because of slow time variations of the outflow conditions
during the PNS cooling phase, a near steady-state situa-
tion applies (Qian & Woosley 1996) and the rate-of-change
of Ye within an outflowing mass element can be written as
in McLaughlin et al. (1996):
dYe
dt = v(r)
dYe
dr ≃ (λνe + λe+ )Y
f
n − (λν¯e + λe− )Y fp , (4)
with v(r) being the velocity of the outflowing mass element,
λi the reaction rates, and Y fn,p the abundances of free nucleons.
In the free streaming limit with neutrinos propagating radi-
ally, the forward reaction rates of Eqs. (2,3) can be written in
terms of the electron (anti)neutrino emission properties:
λνe ≃
Lνe
4πr2〈Eνe〉
〈σνe〉 , (5)
λν¯e ≃
Lν¯e
4πr2〈Eν¯e〉
〈σν¯e〉 , (6)
where Lνe and Lν¯e are the luminosities of νe and ν¯e respec-
tively, 〈Eνe〉 and 〈Eν¯e〉 the mean spectral energies6. The νe and
ν¯e capture cross sections of the forward reactions (2,3), av-
eraged over the corresponding νe and ν¯e energy spectra, are
〈σνe〉 and 〈σν¯e〉, respectively. Including the weak magnetism
and recoil corrections, the average neutrino capture cross sec-
tions are (Horowitz & Li 1999):
〈σνe〉 ≃ k
〈
Eνe
〉
ενe
1 + 2 ∆ενe + aνe
(
∆
ενe
)2Wνe , (7)
〈σν¯e〉 ≃ k
〈
Eν¯e
〉
εν¯e
1 − 2 ∆εν¯e + aν¯e
(
∆
εν¯e
)2Wν¯e , (8)
with k ≃ 9.3 × 10−44 cm2/MeV2, εν = 〈E2ν〉/〈Eν〉 (ν =
νe, ν¯e), aν = 〈E2ν〉/〈Eν〉2, M the nucleon mass in MeV, and
∆ = 1.293 MeV the neutron-proton mass difference. The
weak magnetism and recoil correction factors are given by
6 〈Enν 〉 ≡
∫
Enν f (Eν) dE, where f (Eν) is the normalized (anti)neutrino en-
ergy spectrum. The energy spectrum which we use will be described in
Sect. 4.
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Fig. 1.— Mass-shell trajectories of the neutrino-driven wind as functions of postbounce time (tpb): Radial distance from the PNS center (top), temperature
(middle), and density (bottom) along the ejecta trajectories. The colored curves correspond to the selected 7 trajectories representative of the evolution of the
ν-driven wind at initial times t0 = 0.5, 1, 2, 2.9, 4.5, 6.5, 7.5 s. The kinks visible in the temperature and density evolutions of the trajectories at t0 = 2 s and 2.9 s
indicate the existence of a weak reverse shock.
Wνe =
[
1 + 1.02bνeενe/M
]
and Wν¯e =
[
1 − 7.22bν¯eεν¯e/M
]
,
where bν = 〈E3ν 〉〈Eν〉/〈E2ν〉2 represents the spectral shape fac-
tor for νe or ν¯e. We point out that in Eq. (8) the spectral in-
tegration was approximated by integrating over the interval
[0,∞) instead of [∆,∞). Since the rates λνe and λν¯e are func-
tions of the neutrino fluxes, they can be affected by neutrino
flavor conversions.
The inverse reaction rates of (2,3), λe− and λe+ , are defined
in analogy to the forward reaction rates:
λe− = c · n˜e− · 〈σe−〉, (9)
λe+ = c · ne+ · 〈σe+〉, (10)
being c the speed of light. In Eq. (9), n˜e− is slightly modified
compared to the electron number density
n˜e− =
8π
(2π~c)3 ·
∞∫
0
ǫ2
1 + exp[ ǫ−µ˜ekBT ]
dǫ, (11)
with µ˜e = µe − ∆ and µe the electron chemical potential. The
average cross section 〈σe−〉 of the inverse reaction (2) is
〈σe−〉 ≃
1
2
k〈E˜e−〉εe−
1 + 2 ∆εe− + ae−
(
∆
εe−
)2Wνe , (12)
where εe− = 〈E˜2e−〉/〈E˜e−〉 and ae− = 〈E˜2e−〉/〈E˜e−〉
2
. In analogy
to 〈Enν〉, 〈E˜ne−〉 is defined by using f˜e− (E) = ξ˜·E
2
1+exp [(E−µ˜e )/kBT ]
for the electron distribution function with ξ˜ the normalization
factor such that
∫
f˜e(E) dE = 1. In Eq. (10), the positron
number density is
ne+ =
8π
(2π~c)3 ·
∞∫
0
ǫ2
1 + exp[ ǫ+µekBT ]
dǫ, (13)
and the positron average capture cross section is defined in the
following way:
〈σe+〉 ≃
1
2
k〈Ee+〉εe+
1 + 2 ∆εe+ + ae+
(
∆
εe+
)2Wν¯e , (14)
being εe+ = 〈E2e+〉/〈Ee+〉 and ae+ = 〈E2e+〉/〈Ee+〉2. The energy
moments are calculated using the positron distribution func-
tion fe+ (E) = ξe+ ·E21+exp [(E−µe+ )/kBT ] , where ξe+ is the normalization
factor such that
∫
fe+ (E) dE = 1.
We approximate the weak magnetism and recoil corrections
in Eqs. (12,14) by using Wνe and Wν¯e of Eqs. (7,8) with the
energy moments of the neutrinos produced by the e+ and e−
capture reactions, fulfilling the detailed balance theorem. In
Eqs. (12,14) and Eqs. (7,8) we have neglected the mass of
the electron, me, since it does not make any difference in our
calculations (me ≪ E ± ∆). The rates λe− and λe+ are given
in Bruenn (1985), neglecting weak magnetism and recoil cor-
rections (i.e., for Wνe = Wν¯e = 1), but including me-dependent
terms.
The nucleons involved in the β-reactions of Eq. (4) are free.
Accounting for the nucleons bound in α particles, the num-
ber fractions of free protons and neutrons can be written as
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functions of Ye:
Y fp =Ye −
Xα
2
−
∑
ZA>2
ZA
A
XA , (15)
Y fn =1 − Ye −
Xα
2
−
∑
ZA>2
NA
A
XA , (16)
where Xα (XA) is the mass fraction of α particles (heavy nu-
clei). In Table 1, we list the Ye values at the neutrinosphere7
radius Rν for the selected seven postbounce times t0, as ob-
tained from the numerical simulation of Model Sf 21 of
Hu¨depohl et al. (2010).
Since we aim to discuss the role of neutrino oscillations
and of the so-called “α-effect” on the electron fraction and on
the nucleosynthesis in the ν-driven wind, we distinguish two
cases with different Xα in what follows:
(i) We compute Xα using the full network (labelled “incl.
α-effect”);
(ii) We keep Xα constant at its value at T = 9 GK as given
by Model Sf 21.
The recombination of free nucleons to α particles affects Y fp
and Y fn according to Eqs. (15) and (16) and via Eq. (4) influ-
ences the evolution of Ye. Since the formation of α particles
binds equal numbers of neutrons and protons, the remaining
free nucleons will be dominated by the more abundant nucle-
onic species, either n or p. The corresponding capture reac-
tions of νe (and e+) on neutrons in the case of neutron ex-
cess or of ν¯e (and e−) on protons for proton-rich conditions
will drive Ye closer to 0.5, which is the so-called α-effect
first pointed out by McLaughlin et al. (1996) and Meyer et al.
(1998). Since a proper inclusion of the α-effect always re-
quires detailed network calculations as in our case (i), we
consider case (ii) for isolating the effect of the formation of
α particles on Ye, as we will elucidate in Sect. 6.
3.1. Nucleosynthesis yields without neutrino oscillations
Wanajo et al. (2011b) studied in detail the nucleosynthe-
sis yields during the first 250-300 ms of the explosion of an
8.8 = M⊙ ECSN in 1D and 2D. In this section, we discuss as
our fiducial case the results of nucleosynthesis in the subse-
quent ν-driven wind ejecta of the same model without taking
into account neutrino oscillations (but including the α-effect).
Note that nucleosynthesis computations were done in pre-
vious papers adopting semi-analytically (Wanajo et al. 2001;
Wanajo 2006) or hydrodynamically (Fro¨hlich et al. 2006b;
Takahashi et al. 1994; Pruet et al. 2006; Arcones & Montes
2011) computed neutrino-driven winds. With the exception
of investigations by Meyer et al. (1992) and Woosley et al.
(1994), who used the now outdated model of J. Wilson, how-
ever, the other existing calculations were based on a number
of simplifications or considered only constrained periods of
evolution (like Pruet et al. 2006). In this sense, our study is
the first one in which the wind nucleosynthesis is explored
in a self-consistently exploded progenitor, whose evolution
was continuously followed from collapse to beyond the ex-
plosion through the complete subsequent proto-neutron star
7 The neutrinosphere is defined as the region at which the neutrinos or
antineutrinos escape from the proto-neutron star surface. We notice that, in
general, the neutrinosphere Rν is different for different (anti)neutrino flavors.
We assume Rν to be roughly the same for all flavors.
cooling phase. Nevertheless, the results should not be taken
as firm nucleosynthetic prediction to be used for galactic
chemical evolution studies because of the absence of dense-
medium nucleon potential effects in the charged-current neu-
trino reactions of the hydrodynamic simulation. The in-
clusion of these nucleon-potential effects will cause nuclear
equation-of-state dependent modifications of the neutrino
emission and therefore of the Ye evolution in the ν-driven wind
(e.g Martı´nez-Pinedo et al. 2012; Roberts 2012; Roberts et al.
2012), whose investigation is beyond the present work.
Taking into account 98 trajectories, XA is given by
XA =
1
Mtot
98∑
i=1
Xi,A ∆Mi , (17)
where Xi,A and ∆Mi are the mass fractions and the ejecta-shell
masses respectively, while Mtot is the total mass of the ejecta,
which we consider to be the sum of the ejected mass from
the core plus the outer H/He-envelope (assumed to contain no
heavy elements):
Mtot = (8.8 M⊙ − 1.366 M⊙) + 0.0114 M⊙ ≃ 7.44 M⊙ .
Here 1.366 M⊙ defines the initial mass cut between neutron
star and ejecta and M98 = 0.0114 M⊙. In order to discuss
the impact of neutrino oscillations8 in the following sections,
we replace the full set of 98 trajectories by 7 “representative”
ν-driven wind trajectories (Fig. 1).
For the 7 representative wind trajectories, we define com-
bined mass elements, ∆M j ( j = 1, ..., 7), in such a way that
∆M j =
∑i j
i=i j−1+1∆Mi, where the summation includes all mass
shells ejected between the representative shell i j−1 and the
representative shell i j (see Table 1). The first representative
shell, for example, includes all the 10 trajectories of the full
set which are ejected before t0 = 0.5 s. Thus, for the 7 repre-
sentative trajectories, we define
XA =
1
Mtot
7∑
j=1
X j,A ∆M j , (18)
with X j being the mass fractions for the j-th trajectory.
Figure 2 shows the nucleosynthesis mass fractions, without
taking into account neutrino oscillations, for the 98 trajecto-
ries and for the 7 trajectories after mass integration over the
ejecta mass-shell range as given by Eqs. (17) and (18), respec-
tively. In the left panel, the mass fractions XA obtained for all
of the 98 available ν-driven wind trajectories are compared
to the ones obtained for the 7 selected trajectories. The right
panel of Fig. 2 shows the isotopic mass fractions XA relative
to the solar ones X⊙ (Lodders 2003, i.e., the production fac-
tors) for the 98 available ν-driven wind trajectories and for the
7 representative ones as functions of A. The dotted horizontal
lines represent a “normalization band.” The isotopes which
fall into this band are considered to be the main nucleosyn-
thetic products from the neutrino-driven wind phase of our
fiducial ECSN model that could contribute to galactic chemi-
cal evolution. The upper dotted line passes through the most
overproduced elements (51V, 53Cr, and 62Ni), and the lower
8 We assume that the νe and ν¯e luminosities and energy spectra do not
change for r ≥ Rν. This means that we do not only ignore small evolutionary
changes due to remaining neutrino interactions in the external medium but
we also disregard general relativistic redshift corrections, which depend on r,
and which are included in the hydrodynamic simulations.
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TABLE 1
Neutrinospheric parameters and electron fractions Ye as functions of postbounce time t0 .
t0a Rνb Yec Ye,ad ∆M j e Lνe f Lν¯e g Lνx h 〈Eνe 〉i 〈Eν¯e 〉j 〈Eνx 〉k ανe l αν¯e m ανx n
[s] [105 cm] [10−3 M⊙] [1051erg/s] [1051erg/s] [1051erg/s] [MeV] [MeV] [MeV]
0.5 25.0 0.0547 0.554 9.640 9.5 10.10 10.80 16.8 18.1 18.3 2.9 3.0 2.8
1.0 20.5 0.0522 0.546 0.770 7.3 8.30 7.90 15.9 17.4 17.3 3.0 2.9 2.6
2.0 17.5 0.0445 0.564 0.380 4.7 4.90 5.30 15.3 16.5 16.1 3.2 2.7 2.3
2.9 16.0 0.0323 0.566 0.110 3.3 3.40 3.70 15.8 16.3 15.7 3.1 2.3 2.5
4.5 15.2 0.0268 0.574 0.060 1.9 1.90 2.00 13.8 13.4 12.9 3.0 2.3 2.1
6.5 14.5 0.0233 0.555 0.020 1.0 0.99 1.04 12.4 11.9 11.8 2.6 2.3 2.4
7.5 14.5 0.0223 0.549 0.002 0.6 0.60 0.60 9.9 9.6 9.5 2.4 2.3 2.5
a Postbounce time.
b Neutrinosphere radius.
c Electron fraction at Rν.
d Asymptotic electron fraction (at r = 3 × 107 cm).
e ∆M: ejecta mass of the 7 representative wind trajectories.
f, g, h Luminosities of νe, ν¯e and νx, respectively.
i, j, k Mean energies of νe, ν¯e and νx, respectively.
l, m, n Spectral fitting parameters of νe, ν¯e and νx, respectively (see Sect. 4).
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Fig. 2.— Left: Mass fractions XA of the ejecta as a function of mass number A comparing the cases for 7 representative trajectories and for all the 98 trajectories.
Right: Comparison of the isotopic ejecta mass fractions (XA) relative to the solar ones (X⊙). The horizontal upper dotted line passes through the most overproduced
isotopes (51V, 53Cr, and 62Ni) in the 98 trajectory case, and the horizontal lower dotted line lies a factor of ten below the level of the upper line. The dashed
line represents the median value. Our 7 selected trajectories reproduce the case with the 98 trajectories satisfactorily well only for certain values of A (e.g.,
58 ≤ A ≤ 69).
dotted line lies a factor of ten below that. The middle dashed
line represents the median value.
We find that the nucleosynthesis yields of the 7 trajecto-
ries reproduce those obtained from all the 98 trajectories only
very approximately because of the coarse time resolution of
the wind history. Nevertheless, this will be qualitatively suffi-
cient to discuss the effects of neutrino oscillations on the nu-
cleosynthesis conditions. The right panel of Fig. 2 shows lit-
tle production of isotopes with A > 65 in the 98 trajectory case
as well as in the 7 trajectory case. This is a consequence of
a weak νp-process9 in this supernova environment because of
the absence of a dense outer stellar envelope in ECSNe, which
is crucial for an efficient νp-process (Wanajo et al. 2011a).
Many of the iron-group and light trans-iron isotopes still lie
on the normalization band, but the greatest production factors
(for 51V, 53Cr, and 62Ni in the 98 trajectory case) are below 10.
For example, the production factor of 62Ni is several times
9 In Table 1, we show the asymptotic values (indicated by subscript “a”)
of the electron fraction Ye,a for our 7 representative trajectories. Notice that
since Ye,a > 0.5 for all the considered cases, the νp-process may be enabled.
smaller than the corresponding one in the early (. 400 ms)
convective ejecta, which are absent in 1D but found in the
2D counterpart of the ECSN explosion model (Wanajo et al.
2011b, 2013a). It appears, therefore, that the nucleosynthetic
contribution of the ν-driven wind to the Galactic chemical
evolution is unimportant. It should be noted, however, that
the effects of nucleon potential corrections might alter the Ye
history; thus the wind contribution could be more important
for nucleosynthesis than found here.
4. REFERENCE NEUTRINO SIGNAL AND FLAVOR EVOLUTION
EQUATIONS
At radius r > Rν, the unoscillated spectral number fluxes
for each flavor ν (ν = νe, ν¯e, νx, ν¯x with x = µ or τ) can be
approximated by
Fν(E) ≈ Lν4πr2
fν(E)
〈Eν〉
, (19)
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where Lν is the luminosity for the flavor ν and 〈Eν〉 the
mean spectral energy10. The neutrino spectrum fν(E) is
well reproduced by a combined power-law and exponential
fit (Keil et al. 2003; Tamborra et al. 2012a):
fν(E) = ξν
(
E
〈Eν〉
)αν
e−(αν+1)E/〈Eν 〉 , (20)
being the parameter αν defined by 〈E2ν〉/〈Eν〉2 = (2+αν)/(1+
αν) and ξν a normalization factor such that
∫
fν(E) dE = 1.
In order to incorporate neutrino oscillations in our nucle-
osynthesis computations, we consider the 7 selected post-
bounce times t0 as representative of the changing wind
conditions during the proto-neutron star cooling phase
(note the partial overlap with data from the simulation by
Hu¨depohl et al. 2010 used for the analysis in Tamborra et al.
2012b). In Table 1 we list the neutrinosphere radius Rν (as-
sumed to be equal for all flavors), the luminosity Lν, the mean
energy 〈Eν〉, and the fit exponent αν for each neutrino flavor
and for the seven representative wind trajectories.
In what follows, we neglect oscillations driven by the small-
est mass difference between the active flavors, δmsol, and fo-
cus on neutrino oscillations in the active sector driven by
the largest mass difference between νe and νx, δmatm, and by
the mixing angle θ13. The reduction to two effective active
flavors is justified, since oscillations driven by the solar pa-
rameters tend to take place at a radius larger than the one at
which oscillations driven by δm2atm occur. Flavor oscillations
driven by the solar parameters are, therefore, unlikely to affect
SN nucleosynthesis (see Dasgupta & Dighe 2008; Fogli et al.
2009a; Dasgupta et al. 2010 for details). Concerning active-
sterile oscillations, we assume the mixing only of the electron
neutrino flavor with a light sterile state for simplicity. Over-
all, we discuss a 2-flavor scenario (2 active flavors, νe and νx)
as well as a 3-flavor one (2 active+1 sterile flavors, νe, νx and
νs).
If interpreted in terms of sterile neutrinos νs, the reactor
antineutrino anomaly requires a mass difference in the eV
range, and cosmological hot dark matter limits imply that
the sterile state would have to be heavier than the active fla-
vors (Abazajian et al. 2012). We here adopt the following
mass splittings (Capozzi et al. 2013; Mention et al. 2011):
δm2atm = −2.35 × 10−3 eV2 and δm2s = 2.35 eV2 , (21)
with δm2atm being the squared mass difference between
the neutrino mass eigenstates ν3 and the remaining two
ν1,2 (Fogli et al. 2006) and δm2s the squared mass difference
between the neutrino mass eigenstate ν4 and ν1, chosen to
be representative of reactor-inspired values. We assume nor-
mal hierarchy for the sterile mass-squared difference, namely
δm2s > 0 (i.e., the neutrino mass eigenstate ν4 is heav-
ier than the other mass eigenstates associated to the active
neutrino flavors) and inverted mass hierarchy for the atmo-
spheric difference, δm2atm < 0 (meaning that the neutrino
mass eigenstate ν3 is lighter than ν1,2, see Fogli et al. 2006).
Note that current global fits of short-baseline neutrino exper-
iments estimate 0.82 ≤ δm2s ≤ 2.19 eV2 at 3σ of confidence
level (Giunti et al. 2013), which is lower than our adopted
reference value (Mention et al. 2011). Our conservative
choice favors a comparison with previous results discussed
10 In Eq. (19), general relativistic redshift corrections, which depend on r,
as well as a “flux factor” accounting for nonradial neutrino momenta close to
the neutrinosphere, are ignored.
in Tamborra et al. (2012b) besides not qualitatively changing
our conclusions. We choose to scan only the inverted hierar-
chy scenario in the active sector (i.e., δm2atm < 0), since this is
the case where the largest impact due to collective flavor oscil-
lations on nucleosynthesis is expected (Hannestad et al. 2006;
Fogli et al. 2007, 2008; Dasgupta et al. 2010). The associated
“high” (H) and sterile (S) vacuum oscillation frequencies are
then
ωH =
δm2atm
2E
and ωS =
δm2s
2E
, (22)
with E being the neutrino energy. For the mixing angles we
use (Capozzi et al. 2013; Mention et al. 2011)
sin2 2θ14 = 10−1 and sin2 θ13 = 2 × 10−2 . (23)
We treat neutrino oscillations in terms of matrices of neu-
trino densities ρE for each energy mode E. The diagonal ele-
ments of the density matrices are related to the neutrino den-
sities, while the off-diagonal ones encode phase information.
The radial flavor evolution of the neutrino flux is given by the
“Schro¨dinger equations,”
i∂rρE = [HE , ρE] and i∂rρ¯E = [ ¯HE , ρ¯E] , (24)
where an overbar refers to antineutrinos and sans-serif letters
denote 3×3 matrices in the (νe, νx, νs) flavor space. The initial
conditions for the density matrices are ρE = diag(nνe , nνx , 0)
and ρ¯E = diag(nν¯e , nν¯x , 0), i.e., we assume that sterile neu-
trinos are generated by flavor oscillations. The Hamilto-
nian matrix consists of the vacuum, matter and neutrino self-
interaction terms:
HE = HvacE + H
m
E + H
νν
E . (25)
In the flavor basis, the vacuum term,
HvacE = U diag
(
−ωH
2
,+
ωH
2
, ωS
)
U† , (26)
is a function of the mass-squared differences (with U being
the unitary matrix transforming between the mass and the in-
teraction basis) and of the mixing angles. The matter term
spanned by (νe, νx, νs) is in the flavor basis
Hm =
√
2GF diag(Ne − Nn2 ,−
Nn
2
, 0) , (27)
with Ne the net electron number density and Nn the neutron
density. Using Eq. (1), the matter term becomes
Hm =
√
2GFNb diag
(
3
2
Ye −
1
2
,
1
2
Ye −
1
2
, 0
)
, (28)
being Nb the baryon density. Note that the matter potential
can be positive or negative and for Ye > 1/3 (Ye < 1/3) a νe-
νs (ν¯e-ν¯s) MSW resonance can occur (Mikheyev & Smirnov
1985; Nunokawa et al. 1997; McLaughlin et al. 1999; Fetter
2000). Because of Eq. (28), neutrinos feel a different matter
potential as Ye changes and, at the same time, Ye is affected
by neutrino oscillations via Eq. (4).
The Hνν term describes ν-ν interactions and vanishes for
all elements involving sterile neutrinos (Sigl & Raffelt 1993),
i.e., Hννes = Hννxs = Hννss = 0 (i.e., the only non-vanishing off-
diagonal element of the 3×3 matrix is Hννex). In the treatment
of ν-ν interactions, we assume the so-called “single-angle ap-
proximation” for the sake of simplicity, i.e., we assume that all
neutrinos feel the same average neutrino-neutrino refractive
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effect (Duan et al. 2006; Fogli et al. 2007; Duan et al. 2010).
We will discuss in the following the limits of such approxi-
mation (see Sect. 8).
In what follows, we explore the impact of active-active
and active-sterile neutrino conversions on the nucleosynthe-
sis conditions and nucleosynthetic yields for the 7 represen-
tative trajectories corresponding to postbounce times t0. We
distinguish two scenarios:
1. “Active” case, referring to neutrino oscillations in the
active sector (2 active states).
2. “Sterile” case, meaning neutrino oscillations in the ac-
tive and sterile sectors (2 active states + 1 sterile state).
The coupled equations of the neutrino flavor evolution
(Eqs. 24) were discretized in the energy range 1–60 MeV and
solved by numerical integration together with Eq. (4) at each
selected t0 11. The initial conditions for the electron fraction
and the neutrino spectral properties were assumed as given in
Table 1.
5. NEUTRINO OSCILLATIONS IN THE NEUTRINO-DRIVEN WIND
AND FEEDBACK ON THE ELECTRON FRACTION
In this section, we discuss the neutrino flavor oscillation
physics during the neutrino-driven wind phase and the oscil-
lation feedback on Ye for scenarios 1 and 2 (see Sect. 4). Af-
ter qualitatively describing the oscillation phenomenology, we
will discuss in detail how the neutrino fluxes are affected by
flavor oscillations at three representative times t0 = 0.5, 2.9
and 6.5 s, representing the early, intermediate and late cool-
ing phases, respectively. We will focus on the impact of flavor
oscillations on Ye, neglecting the α-effect for the sake of sim-
plicity (i.e., Xα is assumed to be as in case (ii) in Sect. 3); The
role of the α-effect on the electron fraction and its interplay
with neutrino oscillations will be described in Sect. 6.
5.1. Neutrino oscillation phenomenology
In the presence of only active neutrinos, the MSW reso-
nance due to the atmospheric mass difference occurs at radii
much larger than the ones considered here (r . 3 × 107 cm),
where Ye has already reached its asymptotic value, and there-
fore the electron fraction is not affected. Because of ν-ν in-
teractions, multiple spectral splits should occur in inverted
hierarchy for the initial conditions of neutrinos and antineu-
trinos of the studied ECSN (i.e., Lνe ,ν¯e/〈Eνe,ν¯e〉 − Lνx/〈Eνx〉 <
0, Fogli et al. 2009b). However, since the νe and ν¯e luminosi-
ties and mean energies are very similar to those of the heavy-
lepton neutrinos, as shown in Table 1, and because of the total
lepton-number conservation, we do not expect any apprecia-
ble variations in the oscillated luminosities and mean energies
(see Fogli et al. 2009b for an extended discussion).
In the sterile scenario, while active neutrinos propagate
away from the SN core, they interact with the matter back-
ground and convert to sterile states through MSW resonances
in two different spatial regions (see also Appendix A). Close
to the neutrinosphere, due to the steep growth of Ye, and there-
fore of the matter potential via Eq. (28), the inner active-
sterile MSW resonance occurs for both neutrinos and antineu-
trinos at about the same radius (rIR). At larger radii (located
11 Note that, for simplicity, in our computations we consider the effects of
energy-dependent features of the oscillated neutrino spectra on the Ye evo-
lution in an integral sense by adopting neutrino spectral quantities averaged
over energy in Eqs. (7, 8).
closer to the neutrinosphere as the postbounce time increases),
an outer active-sterile MSW resonance occurs and it mainly
affects neutrinos. Any modification of the neutrino energy
spectra due to oscillations will affect the electron fraction via
Eqs. (4), (5) and (6).
At early postbounce times, the matter potential felt by neu-
trinos close to rIR is slightly less steep than the one felt by
antineutrinos (see Appendix A and left panel of Fig. 6), there-
fore the adiabaticity of the ν¯ conversions is slightly decreased
and the one of ν slightly increased with a net conversion prob-
ability for neutrinos a bit larger than for antineutrinos, as
pointed out by Nunokawa et al. (1997). This is particularly
evident during the accretion phase as discussed in Wu et al.
(2014) and, for our purposes, during the early-cooling phase
(t0 = 0.5, 1 s), where the difference in the conversion proba-
bilities of νe and ν¯e is responsible for a plateau in the Ye pro-
file close to rIR (Wu et al. 2014). As the postbounce time
increases, the matter potential felt by neutrinos close to rIR
becomes steeper (see Fig. 6, left panel), and therefore the
νe → νs and ν¯e → ν¯s resonant conversions are expected to
roughly have the same degree of adiabaticity, with a resultant
small feedback effect on Ye (assuming that further flavor con-
versions due to ν-ν interactions are negligible).
The outer active-sterile MSW resonance is generally more
adiabatic than the inner one: It occurs where the matter poten-
tial is shallow and the effective mixing angle is larger. There-
fore, νe are abundantly converted to νs, lowering the wind Ye
(via Eqs. 4, 5, and 6).
Besides neutrino interactions with matter, neutrino self-
interactions affect the neutrino oscillated fluxes, and there-
fore Ye (see Appendix A for more details). As discussed
in Tamborra et al. (2012b), νe ↔ νx conversions, due to
neutrino-neutrino interactions, partially repopulate the elec-
tron sector depleted by νe → νs MSW conversions. The net
effect is that ν-ν interactions favor the repopulation of the νe
sector (because of νx-νe conversions) and partially counter-
balance the effect of the νe-νs MSW resonances on the elec-
tron fraction. The role played by neutrino self-interactions be-
comes more and more evident as the time t0 increases, since
the matter background is lower.
5.2. Results: Neutrino oscillations and feedback on the
electron fraction
In order to quantitatively describe the impact of flavor os-
cillations on the Ye evolution as t0 increases, we select three
representative postbounce times, t0 = 0.5 s, 2.9 s, and 6.5 s,
and discuss the oscillation phenomenology in the active and
sterile cases.
Figure 3 (left panel) shows the luminosities and mean ener-
gies for νe and ν¯e as functions of the radius in the active and
sterile cases at t0 = 0.5 s. As expected, in the active case, neu-
trino oscillations do not visibly modify the mean energies and
the luminosities in the radial regime where Ye is still evolving
(i.e., r . 2 × 107 cm). To demonstrate the effect of neutrino
oscillations on Ye, we plot Ye as a function of the radius at
t0 = 0.5 s in Fig. 3 (right panel). In the active case, the Ye evo-
lution does not differ from the case without neutrino oscilla-
tions. In the sterile case, instead, the inner active-sterile MSW
resonance occurs at rIR ≃ 4 × 106 cm and leads to the forma-
tion of a small plateau in the Ye profile (see zoom in the right
panel of Fig. 3). In fact, the inner resonance is responsible
for a νe → νs conversion probability larger than the ν¯e → ν¯s
one, as expected (Fig. 3, left panel). Such active-sterile flavor
conversion modifies the νe and ν¯e energy spectra, introduc-
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Fig. 3.— Left: Electron neutrino and antineutrino luminosities (Lνe and Lν¯e ) in units of 1051 erg/s (upper panel) and mean energies (Eνe and Eν¯e , lower panel) as
functions of the distance (r) from the center of the PNS at t0 = 0.5 s postbounce. (The solid red lines are computed as running averages over ∆r ≃ 3.5 × 105 cm.)
In the active case the luminosities and mean energies of both νe and ν¯e are constant for r ≥ Rν, which implies that the active case does not show any significant
variations compared to the case without ν oscillations for the studied ECSN progenitor. In the sterile case, the inner active-sterile MSW resonance occurs for ν
and ν¯ at r ≃ 4 × 106 cm. Visible modifications of the neutrino spectral properties due to neutrino self-interactions occur at 6 × 106 cm, while the outer MSW
resonance occurs at about 1.4 × 107 cm. Right: Electron fraction Ye and α mass fraction Xα as functions of distance r from the center of the PNS at t0 = 0.5 s.
In the active scenario neutrino oscillations negligibly affect Ye (the same as in the no oscillations case which is not shown here). The solid lines (“incl. α-effect”
cases) refer to Ye obtained when full network calculations are performed (the corresponding Xα is also shown with the solid blue line), while the dashed Ye lines
refer to calculations corresponding to case (ii) in Sect. 3 (the corresponding Xα is also shown by a dashed blue line). The existence of the plateau in the Ye profile
is shown in the inset of the right panel. The vertical line shows the neutrinosphere radius Rν.
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ing non-zero off-diagonal terms in the neutrino density matri-
ces. Neutrino self-interactions are therefore triggered at about
6 × 106 cm. The outer active-sterile MSW resonance occurs
at rOR ≃ 1.4 × 107 cm, converting νe to νs. The correspond-
ing electron fraction (Fig. 3, right panel) shows a very small
plateau in correspondence of rIR and it remains lower than in
the active case due to active-sterile flavor conversions.
Figure 4, analogously to Fig. 3, shows the luminosities and
mean energies for νe and ν¯e as functions of the radius at
t0 = 2.9 s (left panel) and the corresponding electron frac-
tion (right panel). In the active case, neutrino oscillations do
not visibly modify the neutrino spectral properties in the ra-
dial regime where Ye is still evolving, as already discussed
at t0 = 0.5 s. In the sterile case, the inner active-sterile
MSW resonance occurs at rIR ≃ 2 × 106 cm. As discussed in
Appendix A, the instability induced by the inner MSW res-
onance and the fact that the matter potential is lower than
at earlier postbounce times trigger neutrino self-interactions
converting slightly more ν¯e than νe, contrarily to what is ex-
pected. The outer active-sterile MSW resonance occurs at
about rOR ≃ 5× 106 cm converting a large number of νe to νs.
Correspondingly, the Ye profile (Fig. 4, right panel) is higher
than the active one close to the neutrinosphere (because more
ν¯e are converted to sterile states than νe). The depletion of
the νe flux due to the outer MSW resonance is responsible for
lowering the electron fraction below the active one (compare
the black dashed line to the red dashed line).
Figure 5 shows the radial evolution of the νe and ν¯e spectral
properties and the corresponding Ye profile at t0 = 6.5 s. In
this case as well, active neutrino oscillations do not change
the values of the luminosities and mean energies, and there-
fore Ye does not change compared to the case without oscil-
lations. In the sterile case, instead, the inner MSW resonance
already occurs at r ≃ 1.8 × 106 cm for ν and ν¯, triggering at
the same time neutrino collective oscillations, while the outer
MSW resonance takes place at rOR ≃ 2.5 × 106 cm (see Ap-
pendix A for more details). Finally, flavor conversions among
the active flavors slightly modify the luminosity and mean en-
ergy of νe at r ≃ 2 × 107 cm, without affecting the survival
probabilities (see Fig. 12). The MSW resonances together
with ν-ν interactions significantly reduce the νe number flux
(i.e., Lνe/〈Eνe〉) compared to the ν¯e number flux. This means
that a more neutron-rich environment (i.e., a lower Ye) is fa-
vored compared to the active case (see Fig. 5, right panel).
6. INTERPLAY OF NEUTRINO OSCILLATIONS AND α-EFFECT ON
THE ELECTRON FRACTION
In this section, we discuss the evolution of Ye as a function
of radius at our selected postbounce times (t0 = 0.5 s, 1 s,
2 s, 2.9 s, 4.5 s, 6.5 s, and 7.5 s), for the scenarios 1 and 2
described in Sect. 4, and with the two different assumptions
made in Sect. 3 about the evolution of the mass fraction of
α particles. These assumptions allow us to disentangle be-
tween the role played by neutrino oscillations and the α-effect
in determining Ye.
The evolution of the electron fraction is not just influenced
by the νe and ν¯e properties, which are affected by neutrino os-
cillations, as discussed in the previous section, but also by the
presence of α particles (see Eqs. 4, 5, and 6). Therefore, the
whole Ye evolution is a complicated interplay between neu-
trino oscillations and the α-effect. The outcome depends on
the location of the region of active-sterile conversions relative
to that of the α particle formation. For this reason, we choose
to analyze the evolution of Ye in detail at three representative
postbounce times, t0 = 0.5 s, 2.9 s, and 6.5 s.
In Fig. 3 (right), we show the evolution of Ye at t0 = 0.5
s, in the active and sterile cases and with (“incl. α-effect”
case) or without the inclusion of the α-effect. In this case, the
formation of α particles does not play any significant role in
determining Ye, because the formation of α particles (solid
blue line) occurs when Ye has almost reached its asymptotic
value (compare the solid and dashed lines).
At intermediate and late postbounce times, the results of sim-
ulations with and without α particle formation from free nu-
cleons have to be distinguished, because the α-effect associ-
ated with the presence of large abundances of α particles has
severe consequences for the Ye evolution. In Fig. 4 (right), we
show the evolution of Ye at t0 = 2.9 s, analogously to Fig. 3
(right). In this case, the formation of α particles occurs when
Ye is still evolving and it overlaps with the region where the
outer MSW resonance takes place (see Fig. 4, left).
The results with the α-effect (solid red and black lines in
Fig. 4, right) show a counterintuitive behavior. While for ac-
tive flavor oscillations the α-effect drives Ye closer to 0.5 in
the usual way (compare the black dashed and solid lines in
Fig. 4, right), the sterile neutrino case exhibits the opposite
trend: In the presence of a higher abundance of α particles,
i.e., despite the α-effect, Ye remains higher and the evolution
towards Ye = 0.5 is clearly damped (red solid line in com-
parison to red dashed line). The formation of a larger abun-
dance of α particles thus obviously reduces the influence of
the active-sterile νe-νs conversions on Ye. This astonishing
result is a consequence of the fact that the conversion to ster-
ile neutrinos occurs slightly outside (or overlaps with) the re-
gion where the rapid recombination of neutrons and protons
to α particles takes place. In such a situation the influence of
the νe-νs conversion on the Ye evolution is diminished by the
lower number fractions of free neutrons and protons, which
lead to a lower rate of change of Ye according to Eq. (4). In-
stead of undergoing reactions with νe or ν¯e, the majority of
free nucleons react to form α particles as the wind expands
away from the νe-νs conversion radius.
The influence of α particle formation manifests itself dif-
ferently in the late wind evolution, where νe conversions to
sterile neutrinos take place closer to the neutrinosphere and,
in particular, at a radius which is smaller than the one at which
nucleon recombination begins to raise the α abundance.
In Fig. 5 (right), we display the evolution of the electron
fraction Ye at t0 = 6.5 s, in the active and sterile cases, in
analogy to Fig. 4 (right).
In the sterile case, Ye is lower than in the active case already
very close to the neutrinosphere where the matter is still in
NSE (and thus no α particles are present). The dashed lines
are again calculated without the α−effect, while the solid lines
include the α-effect.
When the α−effect is included, the value of Ye is, as ex-
pected, pushed towards 0.5 in both active (black solid line)
and sterile cases (red solid line). We notice that at t0 = 6.5 s,
differently from t0 = 2.9 s, neutrino oscillations, in particular
both the inner and outer MSW resonances, take place before
α particles start forming, and therefore they make the envi-
ronment significantly less proton-rich (Ye is lowered) before
the α−effect takes place and decreases Ye even further towards
more symmetric conditions (Ye = 0.5) in the usual way.
Figure 6 gives an overview of the interplay between neu-
trino oscillations and the α-effect by showing the evolution of
the electron fraction Ye at all considered postbounce times t0.
Figure 6 (left) shows Ye as a function of the distance r from
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7 trajectories. Right: Nucleosynthetic abundances in the active and sterile cases relative to those without oscillations for all the representative 7 trajectories. Since
in our model active flavor oscillations do not change the neutrino properties and the wind Ye at any significant level up to the radius of interest, the nucleosynthesis
results are essentially identical for all the cases with active oscillations and no neutrino oscillations.
the center of the PNS at different postbounce times t0 in both
the active and sterile cases and including the α-effect.
In Fig. 6 (right) the asymptotic Ye values (namely, Ye at
r ≃ 3 × 107 cm) are plotted as functions of the postbounce
time for each of the considered scenarios (active, sterile and
no oscillations cases). Note that the values in the active case
cannot be distinguished from those in the no oscillations case,
suggesting essentially negligible roles of the active-active os-
cillations on the evolution of Ye (see discussion in Sect. 5).
Furthermore, in the active case, Ye is systematically pushed
towards 0.5 by the α-effect, as we can see by comparing the
black dashed line with the black solid one (“incl. α-effect”
cases). In the sterile case (red solid line), neutrino oscilla-
tions combined with the α-effect lead to Ye being lower than
in the active case (black solid line) at early postbounce times
(t0 = 0.5 s), higher than in the active case at intermediate post-
bounce times (t0 = 1 s, 2 s, and 2.9 s) and again lower than in
the active case at late postbounce times (t0 = 6.5 s, and 7.5 s).
In particular, at late times, Ye in the sterile case and includ-
ing the α-effect becomes lower than Ye in the active case and
lower than Ye in the case without full α recombination, be-
cause both MSW νe-νs conversions happen so close to the
neutrinosphere that the α particle formation at larger radii fur-
ther enhances the Ye-reduction associated with the presence of
sterile neutrinos, although Ye remains always higher than 0.5.
In summary, the α-effect plays an important role in lower-
ing Ye especially at late times (t0 = 6.5 s and 7.5 s). This is due
to the higher entropy and the longer expansion timescale as a
result of the more compact PNS with the lower neutrino lumi-
nosities, resulting in a delay of the α recombination relative to
both the MSW νe-νs conversions and to a longer duration of
the α-effect (see also next section for more details). However,
although the α-effect has a strong impact on Ye and therefore
on the element production, it plays only a sub-leading role for
the neutrino oscillations and no detectable modifications are
expected for the neutrino fluxes at the Earth.
Because of the leading role of the α-effect compared to os-
cillations on Ye, especially at late times (see Fig. 6, where Ye
in the active and sterile cases including the α-effect is fairly
similar), we expect that the nucleosynthesis yields in the pres-
ence of oscillations are not significantly different from the
cases where oscillations are not considered (see Sect. 3.1).
This can be seen in Fig. 7, where we show the nucleosynthe-
sis yields obtained for the 7 representative trajectories in the
active and sterile cases relative to those without neutrino os-
cillations. In Fig. 7 (left) we notice that most of the isotopic
mass fraction ratios in the sterile case relative to the no oscilla-
tion case are lower than 2, with the exception of some isotopes
(with A < 60) which have enhanced production factors.
The most abundantly produced isotope in the relative com-
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parison is 49Ti (X49Ti
sterile/X
49Ti
no−oscill. ≃ 3.57 · 103). This overpro-
duction of the 49Ti isotope in the sterile case compared to the
case without oscillations, however, is still too small to have
any significant impact on the production factor of this isotope
(see Fig. 2, right). From Fig. 7, it is also clear that, in the
sterile case, there is less production of heavy elements (e.g.,
A ≥ 70) than in the case without oscillations.
For all the reasons above, one can conclude from Figs. 6 and
7 that neither active neutrino oscillations nor a fourth sterile
neutrino family can alter the nucleosynthesis-relevant condi-
tions, nor can they create a neutron-rich site (Ye < 0.5) to
activate the r-process in the adopted ECSN model (without
nucleon potential corrections; see Sect. 7).
7. NEUTRINO OSCILLATIONS IN A NEUTRON-RICH WIND
In the previous sections, we considered the neutrino emis-
sion properties in the proton-rich environment obtained in
the ECSN model of Hu¨depohl et al. (2010). As mentioned
in Sect. 1, however, recent work suggests that these condi-
tions might be valid only in the early (tpb . 1 s) and late
(tpb & 3 s) wind phases. Including mean-field nucleon poten-
tial corrections for charged-current neutrino opacities in the
dense medium of the proto-neutron star (Reddy et al. 1998)
can cause Ye of the wind material to become neutron-rich
(possibly down to Ye ≃ 0.42–0.45, see e.g. Roberts 2012;
Martı´nez-Pinedo et al. 2012; Roberts et al. 2012) during an
intermediate evolution period, although the result is sensi-
tively dependent on the employed nuclear equation of state.
To explore the role of neutrino oscillations in such a neutron-
rich environment, we construct three toy models to emulate
mean-field corrections of the neutrino opacities in their ef-
fect on lowering 〈Eνe〉 and increasing 〈Eνe〉. Each toy model
case will be discussed for an intermediate postbounce time
(t0 = 2.9 s) and a late one (t0 = 6.5 s).
7.1. Toy model inputs
In all toy models, we artificially prescribe the νe and ν¯e
spectra by fixing the shape factors12: ανe = αν¯e = 4; The
neutrino spectral properties not mentioned in the following
are assumed as in Table 1.
In the first toy model (T1), we choose 〈Eνe〉 and 〈Eνe〉 in
order to obtain an asymptotic electron fraction 13 including the
α-effect (Ye,a), or neglecting it (YXα=0e,a ), lower than 0.5 (see T1
in Table 2). We then adopt the neutrino energy spectra and the
electron fraction constructed in this way as initial conditions
to study the neutrino flavor evolution and its impact on the
wind Ye. The νx and ν¯x spectral properties are unchanged (see
Table 1).
Luminosities and mean energies simultaneously affect Ye.
In order to prove the robustness of the T1 results, we con-
sider another test case (toy model 2, T2), keeping the neutri-
nospheric number fluxes of νe and ν¯e (i.e., the Lν/〈Eν〉 ratios)
fixed as from the hydrodynamic simulation (Hu¨depohl et al.
2010) and varying both the luminosities and mean energies
of νe and ν¯e in order to reproduce a neutron-rich environment
in the absence of oscillations. The new initial conditions are
reported in Table 2 (case T2). The third toy model (T3) is sim-
ilar to T1, except that we assume 〈Eνx〉 = 〈Eν¯e〉 while leaving
12 We assume the shape factors of a moderately degenerate Fermi-Dirac
distribution, for which 〈E2ν 〉/〈Eν〉2 ≃ 1.2 (Horowitz & Li 1999).
13 Note that Roberts et al. (2012) employed the approximate formula Ye ≃
1/(1 + λν¯e/λνe ) of Qian & Fuller (1995) for estimating the electron fraction
in the wind. This formula does not account for the α-effect on Ye.
Lνx and ανx as in Table 1, in order to recover the usual hierar-
chy among the different neutrino flavors.
7.2. Neutrino oscillations
Figures 8 and 9 (left panels) show the luminosities and
mean energies of νe and ν¯e in the active and sterile cases as
functions of the radius for toy model 1.
In the active case, the initial conditions for neutrinos are
different from the ones discussed in Sect. 5 at the same t0 (i.e.,
here we have Lνe/〈Eνe〉 − Lνx/〈Eνx〉 > 0). Moreover, the new
spectral parameters also prescribe larger differences between
the νe (ν¯e) and νx spectra and spectral crossings which are
different from the previous cases. Bipolar oscillations due to
ν-ν interactions (Fogli et al. 2008, 2009b) are then triggered
at r ≃ 2.2× 107 cm at t0 = 2.9 s and r ≃ 1.35× 107 cm at t0 =
6.5 s. The neutrino and antineutrino luminosities and mean
energies are correspondingly modified, as shown in Figs. 8
and 9 (left panels).
In the sterile case, at t0 = 2.9 s (see left panel of Fig. 8),
the inner active-sterile MSW resonance converts both νe and
ν¯e to sterile states. As expected, νe are converted slightly
more abundantly to sterile states than ν¯e. Soon after, the ratio
Lνe/〈Eνe〉 increases, and the outer active-sterile MSW reso-
nance occurs together with neutrino self-interactions. Note
that due to the feedback effect on Ye and due to the initially
lower value of Ye compared to the corresponding standard
case, the outer MSW resonance is more adiabatic and it is
expected to occur at smaller radii (rOR ≃ 4 × 106 cm) than in
the standard case. Moreover, due to the hierarchy of the active
neutrino fluxes and due to the lower matter potential, neutrino
self-interactions mix νe and ν¯e with the heavy lepton flavors,
increasing the νe survival probability, differently from what is
shown in Fig. 4.
In the sterile case, at t0 = 6.5 s (see left panel of Fig. 9), the
inner MSW resonance is visible as a small drop of Lνe/〈Eνe〉
(and even smaller for the ν¯e) at rIR ≃ 2 × 106 cm. Slightly
farther outside, at rOR ≃ 2.5 × 106 cm, the outer MSW reso-
nance occurs (similarly to the standard case). Sterile neutrinos
and antineutrinos are both abundantly produced through fla-
vor conversions due to an interplay between the outer MSW
resonance and collective oscillations, before α particles start
forming at r ≃ 3 × 106 cm. As a consequence, both νe and ν¯e
fluxes decrease, causing an increase of Ye above 0.5 before the
onset of the α-effect. Toy model 2 is very similar to toy model
1 concerning the oscillation phenomenology, therefore we do
not show our results here and only report the corresponding
neutrino emission properties and the asymptotic Ye values in
Table 2.
Toy model 3 is shown in Figs. 10 and 11. In this case,
the active flavors show a hierarchy of the mean energies more
similar to the one reported in Table 1, although we have
Lνe/〈Eνe〉−Lνx/〈Eνx〉 > 0, similar to toy model T1. Therefore,
in the active case, bipolar oscillations occur at r > 3× 107 cm
at t0 = 2.9 s , while they start at r ≃ 2.4 × 107 cm at
t0 = 6.5 s. In the sterile case, the inner resonance is visi-
ble at rIR ≃ 2 × 106 cm at t0 = 2.9 s. Soon afterwards ν-ν
interactions are triggered and the νe survival probability starts
to increase already before the region where the outer MSW
resonance is expected to take place (rOR ≃ 4×106 cm). In the
sterile case, at t0 = 6.5 s, the regions of the inner and outer
MSW resonances almost overlap with each other, similarly to
the standard case (Fig. 5). This is responsible for an overall
drop of Lνe/〈Eνe〉 and Lν¯e/〈Eν¯e〉.
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7.3. Feedback on the electron fraction
In this section, we discuss the evolution of the electron frac-
tion for toy models T1, T2, and T3 considered in the previous
section in order to disentangle between the impact of neu-
trino oscillations and α-effect on Ye in a neutron-rich neutrino-
driven wind environment.
In Figs. 8 and 9 (right panels), we show the evolution of
Ye at intermediate (t0 = 2.9 s) and late (t0 = 6.5 s) evolution
phases of the neutrino-driven wind in the T1 model (see Table
2). The dashed lines refer to Ye in the case where neither
neutrino oscillations nor the α-effect are taken into account,
while the solid lines display Ye radial evolutions, including the
α-effect in the active (solid black lines) and sterile (solid red
lines) cases. Since active oscillations take place at r > 1.2 ×
107 cm in both cases (i.e., after Ye has reached its asymptotic
value), the difference between Yacte,a and YXα=0e,a is just caused
by the α-effect (see Table 2), which pushes Ye towards 0.5,
as expected. The impact of the α-effect on Ye is larger at late
times also in these toy models, for the reasons we already
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TABLE 2
Toy model parameters emulating mean-field nucleon potential corrections on the neutrino opacitiesa.
Toy t0b Lνe c Lν¯e d Lνx e Lνe/〈Eνe 〉 f Lν¯e/〈Eν¯e 〉 g Lνx/〈Eνx 〉 h 〈Eνe 〉 i 〈Eν¯e 〉 j 〈Eνx 〉 k Ye,al YXα=0e,a m Yacte,a n Ystee,a o
mod. [s] [B/s]p [B/s] [B/s] [B/s] [B/s] [B/s] [MeV] [MeV] [MeV]
T1 2.9 3.30 3.40 3.70 3.268 1.099 1.471 6.3 19.3 15.7 0.422 0.403 0.422 0.430
T1 6.5 1.00 0.99 1.04 1.248 0.325 0.549 5.0 19.0 11.8 0.428 0.368 0.428 0.510
T2 2.9 1.670 2.899 3.70 1.303 1.302 1.471 8.0 13.9 15.7 0.420 0.405 0.421 0.440
T2 6.5 0.645 1.165 1.04 0.499 0.518 0.549 8.0 14.0 11.8 0.431 0.380 0.431 0.486
T3 2.9 3.30 3.40 3.70 3.268 1.099 1.196 6.3 19.3 19.3 0.422 0.403 0.422 0.407
T3 6.5 1.00 0.99 1.04 1.248 0.325 0.342 5.0 19.0 19.0 0.428 0.368 0.428 0.465
a In the first two cases (T1), we keep the neutrinospheric luminosities of νe and ν¯e as given by the hydrodynamical simulation, and do not change the luminosity and mean energy of νx (see
Table 1). In the third and fourth cases (T2), we keep the neutrinospheric number fluxes of νe and ν¯e as given by the hydrodynamical simulation, and do not change the corresponding values
of νx . In the last two cases (T3), we keep the neutrinospheric luminosities of νe, ν¯e and νx as given by the hydrodynamical simulation, and assume the same neutrinospheric mean energies
for ν¯e and νx . Notice that in all cases we mark in boldface the unchanged hydrodynamical neutrinospheric parameters of νe , ν¯e and νx .
b Postbounce time.
c,d,e Neutrinospheric luminosities of νe , ν¯e and νx, respectively.
f,g,h Neutrinospheric number fluxes of νe , ν¯e and νx , respectively.
i,j,k Neutrinospheric mean energies of νe, ν¯e and νx , respectively.
l Asymptotic wind electron fraction taking into account the α-effect.
m Asymptotic wind electron fraction without taking into account the α-effect (Xα = 0).
n Asymptotic wind electron fraction taking into account neutrino oscillations in the active sector and the α-effect.
o Asymptotic wind electron fraction taking into account neutrino oscillations in the active and sterile sectors as well as the α-effect.
p 1 Bethe = 1 B = 1051 erg.
discussed in Sect. 6.
In the sterile case, neutrino oscillations raise the asymptotic
value of the electron fraction compared to the active case,
therefore the matter becomes more proton-rich compared to
the case where oscillations are not considered or where they
occur in the active sector only.
In particular, at t0 = 2.9 s, the inner and outer MSW res-
onances in the sterile case cause Ye to be lower than in the
active case, already before α particles start forming. Then,
the ν-ν interactions, which repopulate the νe sector, drive Ye
towards 0.5 and even above the value of Ye in the active case,
even without the α-effect, which removes free nucleons and
thus moderates the impact of neutrino oscillations on Ye, as
discussed in detail in Sect. 6.
At t0 = 6.5 s, neutrino oscillations occur very close to the
neutrinosphere and push Ye in the sterile case to a much higher
value (> 0.5) than in the active case, already before α particles
start forming at r ∼ 4.0 × 106 cm. Therefore, the formation
of α particles impacts the evolution of Ye in the usual way,
namely towards more symmetric conditions (Ye −→ 0.5).
In order to prove the robustness of our conclusions about
the interplay between neutrino oscillations and the α-effect,
we also calculate Ye for toy models T2 and T3. We do not
show the evolution of Ye for T2, because the discussion is
very similar to T1, but we report the corresponding Ye results
in Table 2.
In the T3 active case (see black solid lines in Figs. 10 and
11), the discussion about the impact of the α-effect and neu-
trino oscillations on the evolution of Ye at t0 = 2.9 s and
t0 = 6.5 s is very similar to what we already discussed in
the T1 case.
In the T3 sterile case, instead, at t0 = 2.9 s, we observe an
interesting interplay between neutrino oscillations and the α-
effect, because Ye in the sterile case (solid red line) is lower
than in the active case (solid black line), different from cases
T1 and T2 at t0 = 2.9 s. This is due to the fact that the MSW
resonances initially deplete the number flux of νe in favor of νs
much more than in cases T1 and T2, for the reasons discussed
in the previous subsection. Therefore, Ye in the sterile case is
already much lower than in the active case, before α particles
start forming. In the following evolution, different from cases
T1 and T2, the α-effect damps the efficiency of ν-ν interac-
tions in raising Ye. Therefore, the latter remains lower than
in the active case. However, the difference between Ye in the
active case and in the sterile case is not sufficiently large to
conclude that neutrino oscillations in the sterile case make the
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environment significantly more neutron-rich than in the case
without neutrino oscillations.
At t0 = 6.5 s, we basically observe the same trend as in
cases T1 and T2, namely Ye in the sterile case is higher than
in the active case. The reasons are very similar to what was
already discussed for the T1 model.
In conclusion, neutrino oscillations (with or without ster-
ile neutrinos) combined with the α-effect do not support very
neutron-rich conditions in the neutrino-driven wind for the
considered SN model. Conditions for a strong r-process in
this SN progenitor are disfavored, because Ye tends to be
pushed close to 0.5 and thus the formation of a highly neutron-
rich environment is prevented.
8. DISCUSSION
In this work, we studied the nucleosynthesis outcome of
an ECSN with 8.8 M⊙, by adopting the SN model presented
in Hu¨depohl et al. (2010). The same SN simulation was
adopted in Tamborra et al. (2012b) to study the impact of neu-
trino oscillations on the electron fraction in the presence of
light sterile states. However, due to the complications in-
duced by the numerical solution of a large number of non-
linear, coupled equations with three neutrino families and the
oscillation feedback on Ye, the inner MSW resonance was not
included in Tamborra et al. (2012b), assuming that its impact
on the electron fraction was negligible during the neutrino-
driven wind phase due to the steepness of the matter poten-
tial in that region. It was found that neutrino conversions to a
sterile flavor and neutrino self-interactions influence the radial
asymptotic value of Ye in the neutrino-driven wind in compli-
cated and time-dependent ways. These conclusions motivated
us to investigate in detail the effect of oscillations on a larger
variety of wind conditions and on the nucleosynthetic abun-
dances.
In this work, the neutrino evolution is followed from the
neutrinosphere outward. We also develop a more detailed
treatment of the Ye evolution than in Tamborra et al. (2012b),
by accounting for the α-effect as well as recoil and weak mag-
netism corrections in the β processes. We find that the inner
active-sterile MSW resonance has a negligible impact on Ye
during the intermediate and late cooling phases, although it
modifies the ν and ν¯ spectra. In particular, as discussed in
Appendix A, when ν-ν interactions are included, the flavor
instability induced by the active-sterile MSW resonance trig-
gers neutrino self-interactions modifying the flavor evolution
history compared to the case where only interactions with the
matter background are considered. On the other hand, the in-
ner MSW resonance induces non-negligible modifications of
the electron fraction during the accretion phase, as pointed out
in Wu et al. (2014), and in the early proto-NS cooling phase.
It is responsible for the formation of a plateau in Ye that drives
the asymptotic value of Ye towards smaller values.
The early cooling phase (i.e., at t0 = 0.5 s and 1 s) was
also discussed in Wu et al. (2014) for the same ECSN pro-
genitor, but adopting the simulation of Fischer et al. (2010).
Including sterile neutrino oscillations Wu et al. (2014) obtain
a neutron-rich environment (Yae [0.5s] = 0.38) differently from
our results (Yae [0.5s] = 0.53, see Figs. 3 and 6). Such a
discrepancy might be due to the different supernova mod-
els adopted as inputs in Wu et al. (2014) (i.e., Fischer et al.
2010) and in our work (i.e., Hu¨depohl et al. 2010). In fact,
the electron fraction without oscillations is Ye[0.5s] = 0.49
in Fig. 3 (red curve) of Wu et al. (2014), while in our case
it is Ye[0.5s] = 0.56 as shown in Fig. 3. Our work also
adopts an approach to study the electron fraction evolution
different from the one employed in Wu et al. (2014) (i.e., our
Eq. 4 vs. Eq. 5 of Wu et al. 2014). The static approach
of Wu et al. (2014) carries “memory” of the large modifica-
tions of the neutrino fluxes and of the electron fraction due to
the inner MSW resonance at t < 0.5 s, while our sampling
is sparse, because 90% of the ejecta of the early cooling are
combined into one trajectory ejected at 0.5 s. Even adopt-
ing a denser grid in t0, our dynamic approach should not be
accurate during the accretion phase where the steady-state ap-
proximation is not applicable. Other differences on Ye might
be due to a different treatment of the neutrino oscillations.
In Wu et al. (2014), a 1(active) + 1(sterile) approximation is
adopted and ν-ν interactions are neglected assuming that they
are suppressed due to the high matter potential during the ac-
cretion phase (Sarikas et al. 2012), while we include the νe-νx
flavor mixing as well as neutrino self-interactions in our com-
putations.
Given the complex and nonlinear nature of neutrino self-
interactions, all existing numerical studies with neutrino-
neutrino refraction use simplifying assumptions. In our treat-
ment of the neutrino evolution, we averaged the angular de-
pendence of ν-ν interactions (the so-called “single-angle ap-
proximation,” Duan et al. 2006). Because of the similarity be-
tween the νe and ν¯e fluxes and those of the corresponding
heavy-lepton neutrinos in our hydrodynamical simulations,
and because of the observed strength of the α-effect in push-
ing Ye close to 0.5, even a possible relevance of multi-angle
effects due to a small asymmetry among the neutrino fluxes
of different flavors (Esteban-Pretel et al. 2007) is unlikely to
play any important role for Ye. In the sterile case, the asym-
metry between νe and νx becomes even larger than in the ac-
tive case due to the νs production, therefore we expect that
a full-multi-angle treatment would only induce a smearing of
the neutrino fluxes (Fogli et al. 2007), without a dramatic im-
pact on Ye. If the matter potential is high enough, neutrino
multi-angle effects could also be responsible for a matter sup-
pression of collective effects, and therefore produce results
which are different from the ones obtained within the “single-
angle” approximation (Esteban-Pretel et al. 2008). A multi-
angle study was developed by Chakraborty et al. (2011) for
one energy mode and for the 8.8 M⊙ progenitor presented in
Fischer et al. (2010): A complete matter suppression of the
collective effects due to multi-angle matter effects was never
achieved for this progenitor, because of the low-density mat-
ter profile. We therefore suspect that also the triggering of the
collective effects induced by the inner MSW resonance in-
stability should not be suppressed by a multi-angle treatment
of the neutrino flavor oscillations during the cooling phase.
Nevertheless, more accurate studies including multi-angle ef-
fects are mandatory and should be conducted for a larger sam-
ple of supernova progenitors and nuclear equations of state,
especially because, according to the modeling presented in
Duan et al. (2011b), it was concluded that multi-angle effects
among active flavors may affect the nucleosynthetic outcome
under certain conditions.
Concerning the nucleosynthesis outcome, in the case with-
out sterile neutrino and neutrino oscillations, all relevant re-
sults can be found in Fig. 3 of Wanajo et al. (2011b): There
are nucleosynthetic yields for a 1D model (to be directly com-
pared with Wu et al. 2014) and of a more realistic 2D model
as well. The 2D model yields major and important differ-
ences compared to the 1D case, as in all details discussed
in Wanajo et al. (2011b). The differences between the 1D
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nucleosynthesis result of Wanajo et al. (2011b) and Wu et al.
(2014) are most probably due to differences in the mass-
versus-Ye distribution, which are probably caused by differ-
ences in the neutrino interaction processes adopted in our
models compared to those of Fischer et al. (2010). Since the
mass-versus-Ye distribution is provided only by Wanajo et al.
(2011b) but not in Wu et al. (2014), a detailed comparison be-
tween our and their nucleosynthesis results is not possible.
9. CONCLUSIONS
We presented neutrino oscillations and nucleosynthesis cal-
culations for the neutrino-cooling phase of the proto-neutron
star born in an 8.8 M⊙ electron-capture supernova, using tra-
jectories for the ν-driven wind from 1D hydrodynamic simu-
lations, in which a sophisticated treatment of neutrino trans-
port was applied (Hu¨depohl et al. 2010). In particular, we
studied the consequences of neutrino oscillations of two ac-
tive flavors driven by the atmospheric mass difference and
θ13 and, motivated by hints on the possible existence of light
sterile neutrinos, we also discussed the role of flavor os-
cillations with 1 sterile + 2 active flavors. In our study
neutrino-neutrino refraction effects were included, too. We
chose νe-νs mixing parameters as suggested by the reactor
anomaly (Mention et al. 2011). However, our conclusions re-
main valid also for moderate variations of the sterile mass-
mixing parameters.
Our results demonstrate that the α-effect plays a crucial role
in discussing the consequences of neutrino oscillations on the
Ye evolution in neutrino-driven winds. It can damp as well
as enhance the Ye-reducing impact of νe-νs conversions, de-
pending on the radial position of the active-sterile MSW re-
gion relative to the radius where α particles form from nu-
cleon recombination. In the late proto-neutron star cooling
phase the production of sterile neutrinos via an MSW reso-
nance takes place very close to the neutrinosphere, while a
significant abundance of α particles in the wind appears only
at larger distances. The Ye reduction in the ejecta associated
with the transformation of νe to νs is therefore amplified by
the subsequent α-effect, driving Ye from initial values consid-
erably above 0.5 to an asymptotic value closer to 0.5. In the
early wind phase the effect is different. Here the outer νe-νs
MSW conversions occur farther away from the neutron star
and exterior to (or coincident with) the formation region of α
particles. The α-effect then moderates the Ye reduction caused
by the presence of sterile neutrinos. Because of this domi-
nance of the α-effect, the asymptotic neutron-to-proton ratio
in the early wind becomes very similar in the cases with and
without sterile neutrinos (whereas without the α-effect sterile
neutrinos always cause a significant reduction of Ye).
While the neutrino-driven wind of our ECSN model is well
on the proton-rich side (Hu¨depohl et al. 2010), equation-of-
state dependent nucleon mean-field potentials in the neutri-
nospheric region might lead to a considerably lower Ye in
the wind outflow (Roberts et al. 2012; Martı´nez-Pinedo et al.
2011). For this reason we constructed six toy model cases for
the intermediate and late wind phases, in which the (unoscil-
lated) neutrino spectra were chosen such that the neutrino-
driven wind became neutron-rich with an asymptotic wind-Ye
(including the α-effect) of about 0.42–0.43, which is on the
extreme side of the theoretical estimates. Including active-
sterile flavor oscillations, the outflow turns, in some cases,
more proton-rich, despite the conversion of νe to νs. This
counterintuitive Ye increase is caused by neutrino oscillations,
which modify the neutrino emission properties such that ei-
ther the νe absorption is more strongly increased than the com-
peting ν¯e absorption or the ν¯e absorption is more strongly re-
duced than the competing νe absorption. Our conclusion that
sterile neutrinos are unlikely to help enforcing neutron-rich
conditions in the wind ejecta therefore seems to remain valid
even when nucleon-potential effects are taken into account in
future neutron-star cooling simulations.
If oscillations are disregarded, the wind ejecta in our ECSN
model develop a proton excess and therefore only iron-group
and some p-rich isotopes are created with small production
factors (below 10), not adding any significant production of
interesting isotopes to the nucleosynthesis yields computed
for the early ejecta of 2D explosion models of such EC-
SNe (Wanajo et al. 2011b, 2013a,b). When neutrino oscilla-
tions are taken into account by our simplified neutrino-mixing
scheme, the feedback of oscillations on Ye is time-dependent,
since it is sensitive to the detailed matter profile and neutrino
fluxes. In the early ν-driven wind, the asymptotic Ye value
in the presence of a sterile family is lower than the Ye value
obtained without oscillations, although always > 0.5. In the
intermediate phase of the ν-driven wind Ye in the presence of
sterile neutrinos is even a bit higher than the one without os-
cillations. In the late ν-driven wind the asymptotic Ye in the
presence of sterile neutrinos is slightly lowered compared to
the case without oscillations or to the case where oscillations
in the active sector are considered. However, in our model
of the neutrino cooling of the proto-neutron star born in an
ECSN, the corresponding effects do not lead to any neutron
excess. The changes of the nucleosynthetic output for mod-
els with (active or sterile) neutrino oscillations compared to
the no oscillations case are insignificant. It appears unlikely
that in the studied progenitor viable conditions for strong r-
processing can be established.
Our conclusions concern the ν-driven wind of an 8.8 M⊙
progenitor. More studies of the impact of neutrino oscillations
on the early-time ejecta including multi-dimensional effects
arising in hydrodynamic simulations (Wanajo et al. 2011b,
2013a) and including the effects of nucleon mean-field poten-
tials in the neutrino opacities, are needed in order to shed light
on the consequences of neutrino oscillations for the explosion
mechanism and nucleosynthetic abundances (cf. Wu et al.
2014, who considered only a 1D model). Studies of a broader
range of progenitor models, in particular also iron-core SNe
with more massive proto-neutron stars, applying state-of-the-
art neutrino-oscillation physics, are also desirable to identify
possible cases where favorable conditions for an r-process
may be produced.
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APPENDIX
FEEDBACK OF NEUTRINO SELF-INTERACTIONS ON THE ELECTRON FRACTION
Given the non-linear nature of neutrino self-interactions, in this appendix we discuss the oscillation physics at the selected
postbounce times t0 = 2.9 and 6.5 s where ν-ν interactions significantly affect the neutrino spectral properties. In order to
disentangle between the role played by ν-ν interactions and the MSW resonances, we also discuss a simpler case obtained by
switching off the neutrino self-interaction term (i.e., including matter effects only). Note that here, we discuss the sterile case
with the prescription (ii) in Sect. 3 for α particles, namely without taking into account the α-effect.
A simple quantity that can be introduced in order to have an idea about the locations of the active-sterile MSW resonances is
the refractive energy difference between νe and νs caused by matter and neutrino refraction (see Sect. 4):
Ves = Hm+ννee − Hm+ννss =
√
2GF
[
Nb
(
3
2
Ye −
1
2
)
+ 2(Nνe − Nν¯e ) + (Nνx − Nν¯x )
]
. (A1)
We show Ves (Eq. A1) as a function of the radius at t0 = 2.9 s in the top left panel of Fig. 12. This profile already includes a
self-consistent solution of Ye. The regions where we should expect the inner and outer active-sterile MSW resonances are defined
by the intersection of the Ves profile with the ±ωS lines (corresponding to the typical oscillation frequency of 15 MeV ν and ν¯,
see Eq. 22): The MSW resonances should occur at rIR ≃ 2 × 106 cm for ν and ν¯ and at rOR ≃ 4.5 × 106 cm for neutrinos only.
In the matter background case, the νe → νs conversions are more abundant than the antineutrino ones, as already discussed
in Sect. 5. Correspondingly, the electron fraction (fourth panel of Fig. 12 on the left) is lower than the one in the case without
oscillations. The outer resonance occurs at rOR ≃ 50× 105 cm only for neutrinos and it favors an even lower value of the electron
fraction.
In the matter+ν background case, the inner MSW resonance takes place at the same radius as in the matter background case
(see second and third panels on the left of Fig. 12), but a slightly lower fraction of the νe are converted to νs because of Hνν , 0.
Moreover, it is clear by comparing the second and the third panels of Fig. 12, that the ν-ν interaction term is responsible for
replenishing the νe flux before the outer active-sterile MSW resonance occurs at rOR ≃ 5× 106 cm. Correspondingly, the electron
fraction increases compared to the case without oscillations close to the neutrinosphere and decreases afterwards because of
the outer MSW resonance. Comparing the Ye profiles in the matter+ν background and matter background cases, we find that
Ye(matter + ν) − Ye(matter) ≃ 0.025.
The right side of Fig. 12 shows the same quantities discussed at t0 = 2.9 s, but at t0 = 6.5 s. In the matter background case,
the inner MSW resonance occurs at rIR ≃ 1.8 × 106 cm as shown by the Lνe/〈Eνe〉 and Lν¯e/〈Eν¯e〉 behavior in the second panel of
Fig. 12 and by the top panel of the same figure. In this case, almost the same amount of νe and ν¯e is converted to sterile states (due
to the steepness of the matter potential as discussed in Sect. 5). The outer MSW resonance occurs closer to the inner one than at
t0 = 2.9 s (at rOR ≃ 2.5 × 106 cm) and it is responsible for depleting the νe flux in favor of sterile state production. Therefore, the
electron fraction, plotted in the fourth right panel of Fig. 12, becomes lower than in the case without oscillations.
In the matter+ν background case, the role played by the neutrino self-interactions is evident already close to the inner resonance.
In fact, the difference between the νe → νs and ν¯e → ν¯s flavor conversions is responsible for lowering Ye compared to the
case without oscillations and with matter background only. Soon afterwards, and in correspondence to the outer resonance,
the interplay between the matter and neutrino background and the non-linear effects due to ν-ν interactions is responsible for
partially repopulating the νe and the ν¯e sectors and, as a consequence, Ye does not decrease further as it happens in the case
at t0 = 2.9 s. Comparing the Ye profiles in the matter+ν background and matter background cases, we find that Ye(matter +
ν) − Ye(matter) ≃ 0.02. For both the discussed profiles, ν-ν interactions are triggered at smaller radii than usually expected in
the active case by the presence of non-zero off-diagonal terms in the density matrices of neutrinos and antineutrinos, similar to
what was discussed in Dasgupta et al. (2010) for three active flavors. The role played by the neutrino self-interactions becomes
particularly evident at late postbounce times t0, because the matter background is lower and, therefore, the effective mixing angle
θ13 (Esteban-Pretel et al. 2008; Duan et al. 2008) is larger than in the early cooling phase.
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Fig. 12.— Top panel: Refractive energy difference between νe and νs (Ves) in the sterile case. The horizontal lines (±ωS ) mark the oscillation frequency of
a typical energy mode of 15 MeV for neutrinos and antineutrinos. Second panel: Lνe/〈Eνe 〉 and Lν¯e/〈Eν¯e 〉 as functions of the distance (r) from the center of
the PNS in the sterile case with matter background and in the case without oscillations. Third panel: Lνe/〈Eνe 〉 and Lν¯e/〈Eν¯e 〉 in the sterile case with matter+ν
background and in the case without oscillations. Fourth panel: Electron fraction Ye as a function of the distance r from the center of the PNS in the matter
background, matter +ν background and no oscillation cases, without including the α-effect. The panels on the left side refer to t0 = 2.9 s postbounce time, while
the ones on the right to t0 = 6.5 s. The vertical line marks the neutrinosphere radius Rν.
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